Investigation of communication systems for lunar use by Allen, H. S., III
INVESTIGATION OF COMMUNICATION SYSTEMS 
FOR LUNAR USE 
by 
Horace Sammie Allen 111, B,S. 
A Progress Report 
Submitted to 
National Aeronautics and Space Administration 
Washington, DOC, 
NASA Research Grant" P 9 - 0 0 3 - 0 0 3 
f d G R -  
Electrical Engineering Department 
Louisiana Tech University 
August 1990 
https://ntrs.nasa.gov/search.jsp?R=19710001826 2020-03-12T00:54:01+00:00Z
INVESTIGATION OF COMMUNICATION SYSTEMS 
FOR LUNAR USE 
by 
Horace Sammie Allen 111, B.S. 
A Progress Report 
Submitted to 
National Aeronautics and Space Administration 
Washington, D.C. 
NASA Research Grant 19-003-003 
Electrical Engineering Department 
Louisiana Tech University 
August 1970 

ABSTRACT 
This work is concerned with communications on the 
surface of the Moon and the evaluation of certain communi- 
cation systems for possible applications on lunar missions, 
iii 

TABLE O F  CONTENTS 
LIST O F  ABBREVIATIONS . e . . . e e e e . e . . 
LIST O F  ILLUSTRATIONS e e . ., a ., 
L I S T O F T A B L E S  e ., e (I a e e 
CONSTANTS AND D E F I N I T I O N S  . ., e e 
C h a p t e r  
I ,  INTRODUCTION ., e e a ., e e a . ., 
11. A R T I F I C I A L  LUNAR COMMUNICATION 
SATELLITES e o a e e e e o e e e 0 e e e e 
111. EARTH RELAY ANALYSIS e e e e o e a o a o e e 
I V .  LUNAR TRANSMISSION L I N E S  e ., e 
V, SURFACE WAVE COMMUNICATIONS e e . ., 
V I ,  COMMUNICATIONS BY SUBSURFACE WAVES a e 
V I I ,  RESULTS AND CONCLUSIONS e e cI ., ., 
A P P E N D I X A  e - .  e e 
A P P E N D I X B  e e e ., e 
L I S T  O F  REFERENCES I) ., 
BIBLIOGRAPHY .I ., ., , 
Page 
vii 
X 
Xi 
xii 
1 
4 
14 
23 
29 
42 
48 
51 
54 
56 
57 
60 
vi 
ABBREVIATIONS 
B - Receiver bandwidth, Hertz 
C - Capacitance, Farad 
COMSAT - Communications satellite 
CSM 
csw 
dB 
dBw 
EMU 
EVA 
F 
FM 
G 
Ga 
Hz 
"K 
K 
kH z 
km 
L 
Lfs 
LM 
mhos 
MHz 
- Command service module 
- Continuous seismic waves 
- Decibel 
- dB relative to 1 watt 
- Extravehicular mobility unit 
- Extravehicular astronaut 
- Frequency in megahertz 
- Frequency modulation 
- Conductivity, mhos 
- Antenna gain, dB 
- Hertz 
- Degree Kelvin 
- Boltzmann's constant, Joules['Kelvin 
- Kilohertz 
- Kilometer 
- Inductance, Henry 
- Free space path loss, dB 
- Lunar module 
- Conductivity 
- Megahertz 
Vii 
MSFN 
NASA 
nPd 
NPD 
Nr 
Nt 
NX 
Pxt 
'rt 
RX 
Nth 
R 
SNR 
SNRin 
SNRout 
SNRx - 
- w 
Manned space flight network 
National Aeronautics and Space Administration 
Noise power density, watts/Hertz 
Noise power density, dBw/Hertz 
Received noise 
Effective noise temperature, watts 
Galactic noise received 
Transmitted noise 
Total transmitted power 
Total received power 
Resistance, ohms 
Receiver 
Signal to noise ratio 
System input signal to noise ratio 
System output signal to noise ratio 
Received signal 
Transmitted signal 
Effective noise temperature, "Kelvin 
Transmitter 
Characteristic impedance 
Radian frequency 
Relative dielectric constant 
Conductivity 
Wavelength in meters 
Phase constant 
Viii 
adB - Attenuat ion  cons t an t ,  dB 
a - Attenuat ion cons t an t ,  nepers 
9 - Beamwidth of a parabo l i c  antenna 
iX 
LIST OF ILLUSTRATIONS 
Figure Page 
1-1 Distance to lunar horizon versus antenna 
height. e e e 3 
2 - 1  Relay satellite geometry e e ., e ., 5 
2-2 Relay configuration e e e e 10 
2-3 System under study ., ., , 11 
3-1 Relay geometry e ., e 19 
3-2 System under study a ., ., 20 
4 - 1  System under study e e e ., e 27 
4-2 Transmission characteristics of a pair of 
aluminum wires with loading (I ., 28 
5-1 Galactic noise versus frequency e ., 30 
5-2 System under study ., ., 33 
5-3 Lunar attenuation versus distance (miles) ., 38 
6-1 System under study ., ., ., 44 
6-2 Propagation loss (L 1 vs range e 47 
P 
X 
LIST OF TABLES 
Table Page 
I. Performance Characteristics e e e 49 
11. Advantages and Disadvantages 50 
Xi 
CONSTANTS AND DEFINITIONS 
Distance from Earth to Moon 386,160 kn 
Boltzznann's constant 
1 mile 
1,38 X Joules 
1,609 km 
O K  
Radius 
a. Earth (Ref, 1) 6,351 km 
b. Moon (Ref. 1) 1,738 km 
Blackbody temperature 
a. Earth (Ref. 1) 254OK 
b. Moon (Ref. 1) 24OOK 
P dB for power is 10Loglo2 
p1 
dB for voltage (R2 = R1) is 20L0glO v2 
v1 
Xii 
CHAPTER I 
INTRODUCTION 
When man's missions on the Moon carry him farther 
than a few miles from his landing craft he will encounter 
severe problems with his present communication system., The 
Moon has two features which will cause severe problems in 
reliable communications. These are, lack of an atmosphere 
or ionosphere and an extremely small radius. Due to the 
lack of an atmosphere or ionosphere long range communica- 
tion by sky waves will be impossible; therefore, this study 
will deal only with the surface wave component of the radi- 
ated field. The extremely short radius of the Moon will 
cause the line-of-sight distance to be short as shown in 
Fig. 1-1, but this distance could be doubled by the use of 
two antennas the same height above the lunar terrain. 
Techniques used for communicating on the Earth will 
be used on the lunar surface, but a re-evaluation of their 
effectiveness will be necessary. The astronaut traveling 
beyond the line-of-sight could communicate with his landing 
module in several ways. One method of communication would 
be to use an active repeater, stationed in such a way that 
both the astronaut and the landing module would be line-of- 
sight at all times. Lunar Polar Satellites and Earth relay 
1 
2 
form a system which would be particularly effective, and 
this system will be evaluated in this report. Another 
method would be the use of a lunar telephone line to assure 
communication between astronaut and landing module where 
lunar terrain might make wireless transmission unfeasible. 
Calculations to demonstrate the capability of a subsurface 
link have been included in this report, since it appears 
that this technique might be useful in the future. 
The above mentioned techniques are evaluated on the 
basis of the weight of equipment required to maintain ac- 
ceptable standards of reliable communications and system 
development costs, Due to the large payload delivery cost, 
techniques requiring the least weight and power are pre- 
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Fig (1-1) Distance to lunar horizon versus antenna height. 
CHAPTER I1 
ARTIFICIAL LUNAR COMMUNICATION SATELLITES 
Calculations are presented in this chapter which 
specify the performance characteristics of a hypothetical 
lunar satellite system to be used for surface communication 
on the Moon, and also to be used as a link for the CSM 
(command service module) during blackout time behind the 
Moon. The system consists of two satellites in polar orbit 
(Fig. 2-1) with their plane of rotation always facing the 
Earth 
The primary links under investigation are LM (lunar 
module) to COMSAT (communication satellite) 1 and COMSAT (com- 
munication satellite) to EMU (extravehicular mobility unit) a 
The operation of this system is limited by a number of fac- 
tors, such as the transmitter power, range involved, and 
receiver sensitivity. Based on these constraints, require- 
ments for the proposed relay system can be set forth as 
follows " 
A. Proposed System Requirements 
1. Frequency usage 
LM to COMSAT link 
COMSAT to EMU link 
2.2 GHz 
2.1 GHz 
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2 .  
3. 
4 .  
5, 
6. 
Bandwidth 3,O kHz 
Minimum SNR ( s i g n a l  t o  noise  r a t i o )  
a t  r ece ive  inpu t  te rmina ls  
COMSAT + 1 4 . 0  dB 
LM +14.0 dB 
EMU +14 .0  dB 
Maximum power of t r a n s m i t t e r  
LM 
EMU 
COMSAT 
Antennas 
LM 
EMU 
COMSAT 
+13.0 dBw 
+13,0 dBw 
+20 .0  dBw 
10-foot pa rabo l i c  
10-foot pa rabo l i c  
1 0  - foot  pa rabo l i c  
Antenna noise  temperatures 
L M  ( R e f .  1) 0 . 0  O K  
COMSAT (Ref. 1) 240 ,O  O K  
EMU (Ref,  1) 0 . 0  O K  
B .  J u s t i f i c a t i o n  of t h e  Progosed Svstem Reauirements 
1. Frequency usage 
The s e l e c t i o n  of t h e  frequency f o r  use i n  t h e  luna r  
s a t e l l i t e  system i s  based on two main f a c t o r s .  The f i r s t  
f a c t o r  is t h e  apparent no ise  window t h a t  e x i s t s  from approx- 
imately 2GHz - l O G H z  and t h e  second f a c t o r  i s  t h a t  t h e  
equipment i n  t h i s  frequency range a l ready  exis ts .  
7 
2, Bandwidth 
The bandwidth was chosen as 3 kHz to accommodate 
only voice communications using narrow band FM (frequency 
modulation) techniques, for these sample calculations. 
3 .  Minimum SNR at receiver input terminals 
The minimum SNR figures correspond to the require- 
ments of the National Aeronautics and Space Administration 
(NASA) for ninety percent intelligibility achieved in exist- 
ing equipment. (Ref. 2) 
4. Maximum power of transmitter 
The power radiated by the LM or the EMU is deter- 
mined by existing equipment presently used by astronauts, 
The 20 dBw transmitter power used for the satellite is a 
realizable value for a current satellite system. 
5. Antennas 
These 10-foot parabolic antennas were chosen be- 
cause of the size considerations in all cases. 
6. Antenna noise temperatures 
All antenna noise temperatures were selected from 
Ref. b for a 2 G H z  signal, 
C, Design Equations 
Listed below are the equations applied to this design. 
Their derivation is omitted, but a reference is given for 
each of them in the following bracket, 
8 
1. Gain of parabolic antenna (Ref. 3 )  
Ga = 20LogaoF + 20LogloD - 52.6 
F = frequency, MHz 
D = diameter, feet 
Ga = antenna gain, dB 
2. Beamwidth of parabolic antenna (Ref. 3) [2-21 
< 
(9 = 30 7 x io4 ' =  F X  D 
F = frequency, MHz 
D = diameter, feet 
(9 = beamwidth in degrees 
3 .  Free space path loss (Ref, 1) 
Lfs = 36.6 + 2OL0gaoF + 20LogaoD 
F = frequency, MHz 
D = distance, miles 
= free space path l o s s ,  dB Lfs 
4, Effective noise temperature (Ref. 1) [2-41 
Nt (watts) = KTB 
T = equivalent noise temperature,-OKelvin 
K = Boltzmann's constant, Joules/OKelvin 
B = Receiver bandwidth, Hz 
Nt = noise powerl watts 
9 
5, Noise power dens i ty  ( R e f .  3)  
npd = KT 
npd = 1.38  X X T 
N P D  = -228.6 + lOLOgaoT 
K = Boltzmann's cons tan t ,  Joules/OKelvin 
T = 'Kelvin 
npd = noise  power dens i ty ,  watts/Hz 
N P D  = noise  power d e n s i t y ,  dBw/Hz 
6. SNRr-act ( d e r i v a t i o n  i n  Appendix A) 
(SNRx) (SNR ) - r-app 
SNRr-act 1 + SNRx + SNRrmact 
See Fig.  2-2 
S N R  = signal- to-noise  r a t i o  a t  i npu t  of EMU 
r-app 
r e c e i v e r  consider ing an i n f i n i t e  s i g n a l  
t o  no i se  r a t i o  a t  COMSAT t r a n s m i t t e r .  
= signal- to-noise  r a t i o  a c t u a l l y  received SNRx 
by COMSAT, 
= a c t u a l  s ignal- to-noise  r a t i o  received SN Rr - ac t 
by t h e  EMU which t akes  i n t o  account a l l  
no ise  temperatures encountered by t h e  
l i n k  
Do Calcula t ions  
P a r t  I - LM t o  COMSAT 
A l l  of t h e  following c a l c u l a t i o n s  assume an i n f i n i t e  
S N R  i n p u t  t o  the LM t r a n s m i t t e r .  
10 
COMSAT 
Fig. 2-2 Relay configuration 
11 
Frequency = 2.2 GHZ 
SNR Lfs -183.0 dB 
Tx= Transmitter power 
Ga= Antenna gain 
SNRin= Signal to ioise ratio into transmitter 
= Signal to noise ratio out of the system SNRout 
Fig.2-3 System under study 
12 
LM t r a n s m i t t e r  power (dBw) +13.0 dBw 
LM bandwidth (kHz) +3 e 0 kHz 
LM antenna gain (dB)  + 3 4 . 0  dB 
LM antenna c i r c u i t  l o s s  (a) ( R e f  2) -8.9 dB 
LM antenna po la r i za t ion  loss (dB)  - 0 . 1  dB 
( R e f .  2 )  
LM antenna po in t ing  loss (dB)  ( R e f .  2 )  -2.0 dB  
Space lo s s  
( L f s ) #  2,2GHz,  1 X l o 4  m i l e s  (dB)  - 1 8 3 . 0  dB 
+LM ( d e g r e e s )  + 3 . 1 8 O  
COMSAT t o t a l  received power (dBw) -147 ,O ~ B w  
COMSAT antenna noise  temperature  (OK) + 2 4 0 . 0  OK 
( R e f .  1) 
%OMSAT (degrees) +3 e 18O 
COMSAT receiver temperature (OK) + 6 0 , 0  OK 
( R e f .  4 )  
COMSAT noise  temperature t o t a l  (OK) +300.00 OK 
COMSAT noise  dens i ty  (dBw/Hz) - 2 0 4 . 0  dBw/Hz 
COMSAT receiver noise  bandwidth (kHz)  +3 e 0 kHz 
COMSAT receiver noise  bandwidth (dB)  + 3 5 , 0  dB 
COMSAT t o t a l  no ise  power (dBw) -169.0 ~ B w  
COMSAT carrier predetect ion SNRx (dB)  +22.0 dB 
P a r t  I1 - COMSAT t o  EMU 
COMSAT antenna g a i n  ( 2  X 34dB)  + 6 8 . 0  dB 
COMSAT t r ansmi t t ed  power (dBw) +20.0 dBw 
COMSAT antenna c i r c u i t  loss 
( 2  X 8 , 9 d B )  (dB)  ( R e f .  2) 
COMSAT po in t ing  loss  
( 2  X 2dB) ( d B )  ( R e f  2 )  
-1.7.8 dB 
- 4 . 0  dB 
13 
COMSAT p o l a r i z a t i o n  loss 
(2 x 0.ldB) (dB) ( R e f .  2) -0.2 dB 
Space loss 
( L f s ) ,  2.1GHzr 1 X lo4 m i l e s  (dB)  -183.0 dB 
EMU antenna ga in  (dB) +34.0 dB 
+3.18' +EMU (degrees)  
EMU antenna loss  (dB) ( R e f -  2) -8.9 dB 
EMU po in t ing  loss ( d B )  (Ref.  2) -2.0 dB 
EMU p o l a r i z a t i o n  loss (dB) ( R e f .  2) - 0 . 1  d B  
EMU t o t a l  r e c e i v e r  s i g n a l  power (dBw) -241,O dBw 
EMU t o t a l  r e c e i v e r  no ise  power (dBw) -263.0 dBw 
EMU pos tde tec t ion  SNRreact (dB1 +22.0 dB 
The above s ignal- to-noise  c a l c u l a t i o n s  show t h a t  a 
l u n a r  s a t e l l i t e  system when exposed t o  the  e f f e c t i v e  no i se  
temperature of t h e  Moon w i l l  maintain an acceptab le  s igna l -  
to-noise  r a t i o  ( R e f .  5 )  f o r  vo ice  communication. I n  o rde r  
t o  use one o r  t w o  COMSATs f o r  coverage of t he  mission, care 
must be exerc ised  i n  t h e i r  placement t o  i n s u r e  coverage of 
t h e  landing area .  Lunar s a t e l l i t e  system eva lua t ion  a s  com- 
pared t o  t h e  o v e r a l l  systems study appears i n  t h e  f i n a l  
chapter  
CHAPTER I11 
EARTH RELAY ANALYSIS 
I n  t h i s  chapter  use of t h e  Ear th  as  a r e l a y  s a t e l -  
l i t e  w i l l  be evaluated.  This system has  many advantages,  
b u t  t h e  most important one i s  t h e  placement and use  of com- 
p lex  equipment i n  an environment where it can be maintained. 
Another factor t h a t  cannot be overlooked i s  the  f a c t  t h a t  
t h e  MSFN (Manned Space F l i g h t  Network) e x i s t s  and t h e r e f o r e  
can be  used f o r  t h i s  purpose a t  a savings of many d o l l a r s .  
The primary l i n k s  under i n v e s t i g a t i o n  a r e  LM t o  MSFN 
and M S F N  t o  EMU. The opera t ion  of a l u n a r  communication 
system i s  l i m i t e d  by a number of f a c t o r s ,  such a s  t h e  t r ans -  
m i t t e r  power, range, and r e c e i v e r  s e n s i t i v i t y .  Based on 
these c o n s t r a i n t s ,  requirements f o r  t h e  proposed r e l a y  sys- 
t e m  can be se t  f o r t h  a s  follows. 
A. Proposed System Requirements 
1. Frequency usage 
LM t o  MSFN l i n k  
MSFN t o  EMU l i n k  
2 . 2  GHz 
2 . 1  GHz 
2.  Bandwidth 
14 
3.0 kHz 
15 
3 .  
4 .  
5. 
6. 
Minimum SNR a t  receiver i n p u t  te rmina ls  
MS FN +14 .0  dB 
LM +14.0  dB 
EMU +14.0 dB 
Maximum power of t r a n s m i t t e r  
MS F N  
LM 
EMU 
Antennas 
LM 
EMU 
MSFN 
u n l i m i t e d  
+13.0 dE3w 
+13.0 dBw 
10-foot pa rabo l i c  
10-foot pa rabo l i c  
60-foot pa rabo l i c  
Antenna noise  temperatures 
LM (Ref.  1) 254 .0  OK 
EMU (Ref. 1) 254.0 OK 
MSFN (Ref.  1) 240 .0  OK 
B ,  J u s t i f i c a t i o n  of t h e  Proposed System Requirements 
1. Frequency usage 
The s e l e c t i o n  of t h e  frequency f o r  use i n  t h e  Ear th  
r e l a y  system i s  based on t w o  main f a c t o r s .  The f i r s t  f a c t o r  
i s  t h e  apparent  no ise  window t h a t  e x i s t s  from approximately 
2GHz - l O G H z  and t h e  second f a c t o r  i s  t h a t  communications 
equipment i n  t h i s  frequency range a l ready  exis ts .  
16 
2 ,  Bandwidth 
The bandwidth w a s  chosen a t  3kHz t o  accommodate only 
voice communications using narrow band F M  techniques.  
3 ,  Minimum S N R  a t  r e c e i v e r  i n p u t  te rmina ls  
The minimum SNR f i g u r e s  correspond to t h e  requi re -  
ments  of t h e  Nat ional  Aeronautics and Space Administration 
f o r  n ine ty  percent  i n t e l l i g i b i l i t y  achieved i n  e x i s t i n g  
equipment, ( R e f .  2)  
4 ,  Maximum power of t r a n s m i t t e r  
Power r a d i a t e d  by t h e  LM o r  t h e  EMU i s  determined by 
e x i s t i n g  equipment p r e s e n t l y  used by a s t r o n a u t s ,  
5.  Antennas 
The antennas a r e  s e l e c t e d  f o r  t h e i r  ease of use and 
s i t u a t i o n  l i m i t a t i o n s .  
6 ,  Antenna no i se  temperatures 
A l l  antenna no i se  temperatures w e r e  s e l e c t e d  from 
Refo 3 f o r  a 2 GHz s i g n a l .  
C.  Design Equations 
L i s t e d  below a r e  t h e  equat ions appl ied  t o  t h i s  design,  
The i r  d e r i v a t i o n  i s  omit ted,  bu t  a r e fe rence  i s  given for  
each of them i n  t h e  following bracke t .  
1, Gain of parabolic antenna (Ref. 3 )  
Ga = 20LogloF + 20LogloD - 52,6 
F = frequency, MHz 
D = diameter, feet 
Ga = antenna gain, dB 
17 
l3-11 
2. Beamwidth of parabolic antenna (Ref. 3 )  13-21 
c$ = 30 < 7 x 104 
@ =  F X  D 
F = frequency, MHz 
D = diameter, feet 
Cp = beamwidth in degrees 
3 Free space path loss  (Ref 1) 
Lfs = 36.6 + 2OLog1oF + 20LogaoD 
F = frequency, MHz 
D = distance, miles 
Lfs = free space path loss ,  dB 
4, Effective noise temperature (Ref e 1) [3-41 
Nt (watts) = KTB 
T = equivalent noise temperature,"OKeIvin 
K = Boltzmann's constant, Joules/OKelvin 
B = receiver bandwidth, Hz 
= noise power, watts Nt 
5. Noise power dens i ty  ( R e f ,  3)  
npd = KT 
npd = 1.38 X X T 
N P D  = -228,6 + 10LOgloT 
K = Boltzmann's cons tan t ,  Joules/OKelvin 
T = 'Kelvin 
npd = no i se  power dens i ty ,  watts/Hz 
N P D  = no i se  power dens i ty ,  dBw/Hz 
60 '',-act (de r iva t ion  i n  Appendix A) 
18 
[3-51 
C3-61 
1 r-app (SNRx) ( S N R  
1 + SNRx + SNR - 
r-app 
SNRr-act 
See Fig. 3-1 
S N R  = signal- to-noise  r a t i o  a t  i n p u t  of EMU 
r-app 
r e c e i v e r  consider ing an i n f i n i t e  s igna l -  
to-noise r a t i o  a t  MSFN t r a n s m i t t e r ,  
SNRx = signal- to-noise  r a t i o  a c t u a l l y  received 
by MSFN. 
= a c t u a l  s ignal- to-noise  r a t i o  received by SNRr-act 
t h e  EMU which t akes  i n t o  account a l l  
no ise  temperatures  encountered by t h e  
l i n k .  
D. Calcula t ions  
P a r t  I - L M  t o  MSFN 
A l l  of t h e  following c a l c u l a t i o n s  assume an i n f i n i t e  S N R  
i n p u t  t o  t h e  LM t r a n s m i t t e r ,  
19 
Fig. 3-1 Relay geometry 
20 
SNRin Frequency=2.2GHz 
Lfs=-211.0dB 
Smout Noise 
Fig, 3-2 System under study 
2 1  
LM t r a n s m i t t e r  power (dBw) +13,0 dBw 
LM bandwidth (kHz) +3 e 0 kHz 
LM antenna ga in  (dB) +34.0 dB 
LM antenna c i r c u i t  loss (dE3) ( R e f .  2) -8.9 dB 
LM antenna p o l a r i z a t i o n  lo s s  (a) - 0 . 1  dB 
(Ref. 2) 
LM antenna po in t ing  loss (dB) (Ref e 2 )  -2.0 dB 
Space loss 
( L f s ) ,  2 . 2 G H z ,  2 , 4  X l o 5  m i l e s  (dB) -211.0 dB 
+3,18O (degrees)  ~ L M  
MSFN antenna ga in  (dB) +53.0 dB 
MSFN t o t a l  received power (dBw) -122.0 dBw 
MSFN antenna no i se  temperature (OK) +240.0  OK 
( R e f .  1) 
MSFN no ise  dens i ty  (dBw/Hz) -204 .8  dBw/HZ 
MSFN r e c e i v e r  no ise  bandwidth (dB) +35.0 dB 
MSFN r e c e i v e r  no i se  power (dBw) -170.0 dBw 
MSFN c a r r i e r  p rede tec t ion  S N R  (dB) + 4 8 . 0  dB 
P a r t  I1 - MSFN t o  EMU 
The next  c a l c u l a t i o n s  f o r  t h e  MSFN t o  EMU l i n k  w i l l  
assume an i n f i n i t e  SNRx a t  t h e  Ea r th  s t a t i o n  and an i n i t i a l  
r e c e i v e r  c a r r i e r  power of 0 .0  dBw, 
eva lua ted  by equat ion 3-6. 
The SNRactual w i l l  be 
MSFN t r ansmi t t ed  power (dBw) + 4 0 . 0  dBw 
MSFN c a r r i e r  modulation loss  (dB) -5,5 dB 
(Ref.  2 )  
MSFN antenna ga in  (dB) +52,0 dB 
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+O 53" (degrees)  @MSFN 
EMU antenna ga in  (dB) +34.0 dB 
EMU antenna loss (dB) (Ref. 2 )  -8.9 dB 
EMU antenna p o l a r i z a t i o n  loss (dB) - 0 . 1  dB 
(Ref. 2 )  
EMU antenna po in t ing  loss (dB) -2 .0  dB 
(Ref. 2) 
Space loss 
(Lfs) I 2 . 1 G H z ,  2 , 4  X lo5 m i l e s  (dB) - 2 1 0 , 9  dB 
EMU received carrier power (dBw) - 1 0 1 , 4  dBw 
EMU antenna no i se  temperature (OK) +254,0 OK 
(Ref 1) 
EMU noise  dens i ty  (dBw/Hz) -204.5 dBw/Hz 
EMU r ece ive r  no i se  bandwidth (dB) +35.0 dB 
EMU r e c e i v e r  no ise  power (dBw) - 1 6 9 . 4  ~ B w  
+ 6 8 , 0  dB 
+27.9 dB 
The c a l c u l a t i o n s  i n  t h i s  chapter  are based on t h e  
assumption t h a t  t h e  e f f e c t i v e  no i se  temperatures  encountered 
by t h e  r e spec t ive  antennas are t h e  t o t a l  p l a n e t  blackbody 
temperatures  e 
Based on Ref, 5 (n ine ty  percent  i n t e l l i g i b i l i t y  
f i g u r e s )  t h i s  system w i l l  maintain an acceptab le  SNR. The 
main drawback f o r  t h i s  technique i s  t h a t  on ly  t h e  s i d e  of 
t h e  Moon v i s i b l e  from Ear th  can be  covered. This  technique 
as compared t o  t h e  o t h e r  techniques i s  eva lua ted  i n  t h e  
f i n a l  chapter .  
CHAPTER I V  
LUNAR TRANSMISSION LINES 
Transmission l i n e s  could be  used f o r  s h o r t  range 
( 1 0  m i l e s  - 20 m i l e s )  explora tory  missions where l u n a r  ter- 
r a i n  o r  t h e  na tu re  of t h e  communication requirement would 
make w i r e l e s s  t ransmission un feas ib l e ,  These l i n e s  could 
remain a s  permanent l i n k s  between f i e l d  experiments l e f t  by 
a s t ronau t s  and t h e  luna r  landing package. 
Two w i r e s  separated by t h e  maximum d i s t a n c e  compati- 
b l e  w i t h  t h e  payout c a p a b i l i t y  of the  l u n a r  roving veh ic l e  
would be d e s i r a b l e ,  s i n c e  t h i s  would minimize t h e  a t tenua-  
t i o n  of t h e  t ransmission l i n e ,  
A conf igura t ion  c o n s i s t i n g  of a p a i r  of i n s u l a t e d  
w i r e s  having a d/r  r a t i o  ( d i s t a n c e  between c e n t e r s  t o  t he  
w i r e  r ad ius )  of t e n  was chosen a f t e r  consider ing t h e  pena l ty  
pa id  i n  weight of t h e  sepa ra t ion  i n s u l a t i o n  as t h e  d/r r a t i o  
i s  increased  and t h e  increased a t t e n u a t i o n  which r e s u l t s  
from decreas ing  d / r ,  
Aluminum conductors were chosen because of t h e  
weight advantage aluminum has over copperp and loading  c o i l s  
w e r e  i n s e r t e d  i n  t h e  aluminum l i n e s  t o  a s su re  an inductance 
of 200 m h  p e r  m i l e .  
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A, Proposed Svstem Requirements 
1. 
2. 
3 .  
4. 
Frequency usage 
LM t o  EMU l i n k  
EMU t o  LM l i n k  
B a s e  band 
B a s e  band 
Bandwidth 3.0 kHz 
Minimum SNR a t  r e c e i v e r  i n p u t  te rmina ls  
LM +14.0 dB 
EMU +14.0 dB 
Maximum power of t r a n s m i t t e r  
LM Low power 
EMU Low power 
B.  J u s t i f i c a t i o n  of t h e  Proposed System Requirements 
1. Frequency usage 
B a s e  band frequency w a s  chosen f o r  c a l c u l a t i o n s  f o r  
a l u n a r  telephone system, 
2. Bandwidth 
The bandwidth w a s  chosen a t  3kHz f o r  voice communi- 
c a t i o n  c a l c u l a t i o n s .  
3 .  Minimum S N R  a t  r e c e i v e r  i n p u t  te rmina ls  
A l l  f i g u r e s  f o r  SNR are based on n ine ty  percent  i n -  
t e l l i g i b i l i t y  quoted by NASA. ( R e f  @ 2 )  
4 .  Maximum power of t r a n s m i t t e r  
No exac t  power l e v e l  w a s  expressedo except  t h a t  it 
could be less than one w a t t ,  
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C, Design Equations 
L i s t ed  below a r e  t h e  equat ions f o r  a d i s t o r t i o n l e s s  
l i n e  appl ied  t o  t h i s  design. Their  d e r i v a t i o n  i s  omitted,  
b u t  a r e fe rence  i s  given f o r  each of them i n  the  fol lowing 
bracke t  e 
1. C h a r a c t e r i s t i c  impedance ( R e f  6) L4-11 
= [ ( R  + j w L ) / ( G  + jwC)]’  
z C  
R = r e s i s t a n c e ,  Ohms 
L = inductance,  Henrys 
C = capaci tance,  Farads 
G = conductance, mhos 
w = rad ian  frequency, radians/second 
Zc  = c h a r a c t e r i s t i c  impedance, Ohms 
2 .  Attenuat ion cons tan t  ( R e f  6 )  
1 
a = [ ( R )  X ( G ) I h  
R = r e s i s t a n c e ,  Ohms 
G = conduction, mhos 
a = a t t e n u a t i o n ,  nepers 
3 e Attenuat ion cons tan t  (Ref 7) 
1 
I 
= 8 .68  X [ ( R )  X ( G ) I 2  adB 
[4-21 
R = r e s i s t a n c e ,  O h m s  
G = conduction, mhos 
adB = a t t enua t ion ,  dB 
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4 .  Phase cons tan t  (Ref. 6 )  
1 
6 = w x [(L) x ( C ) F  
[4-41 
w = rad ian  frequency 
L = inductance,  Henrys 
C = capaci tance,  Farads 
f3 = phase, rad ians  
The  graph of Fig.  4-2 was cons t ruc ted  from manu- 
f a c t u r e r ' s  s p e c i f i c a t i o n s  ( R ,  G ,  L, C) assuming an i d e a l  
system without  amplitude d i s t o r t i o n  and t r a n s m i t t i n g  a 1 kHz 
t es t  s i g n a l ,  The w i r e  i s  i n s u l a t e d  w i t h  a 6 . 0  M i l  th ickness  
of m a t e r i a l  ( i r r a d i a t e d  polystyrene)  having a r e l a t i v e  d i -  
e lectr ic  cons tan t  of = 2 .4 .  
From t h e  graph of Fig.  4-2 it can  be seen t h a t  re- 
l i a b l e  communication f o r  s h o r t  range can be expected w i t h  
low t r a n s m i t t e r  power. The usable  range of t h i s  system i s  
l i m i t e d  only by the s e n s i t i v i t y  of t he  equipment used. Fur- 
t h e r  eva lua t ion  of t h i s  technique w i l l  be included i n  t h e  
l a s t  chapter .  
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I 
SNRi T 
Wire conductor: Aluminum 
Wire insulation: 6 Mil thickness of 
irradiated polystyrene 
Wire temperature: 
Test frequency: 1,O kHz 
121 % (250 %) 
L = 200.0 &/mile 
SMRout 
Noise assumed equal tp zero 
on Moon's surface. 
SNRin = SNRout 
Fig, 4-1 System under study 
28  
1000 
I 
g 100 
. I 4  
U 
10 
100 1000 
Earth weight of wire - (Pounds) 
10; 000 
Fig (4-2) - Transmission characteristics of a pair of aluminum 
wires with loading, 
CHAPTER V 
SURFACE WAVE COMMUNICATIONS 
In this chapter the use of surface waves for beyond 
line-of-sight transmission will be evaluated. Normally, 
transmitted energy can reach a source by many paths, uti- 
lizing reflection, line-of-sight travel, and bending of the 
waves around the curvature of the surface, but since the 
Moon has no atmosphere or ionosphere to reflect waves only 
energy contained in the surface waves remains to be evalu- 
ated for over the horizon communication, 
The frequency range of 1.OMHz - 2MHz was chosen for 
the LM to EMU link because of the increased ground wave 
losses as the frequency goes above 2MHz and equipment size 
considerations for operation below l.OMHzo The frequency 
for the EVA was chosen at 300MHz because of equipment size 
considerations and existing NASA apparatus. In the lMHz - 
2MHz band of frequencies the primary noise source was 
assumed to be galactic noise as shown in Fig. 5-1, For the 
EVA the primary noise source was considered as a sum of 
Earth and Moon blackbody temperatures, 
The primary links under investigation in this chap- 
ter are the LM to EMU link and the EMU to EVA link, 
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Frequency (MHz) 
F i g  (5-1) Galactic noise versus frequency 
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A. Proposed System Requirements 
1. 
2. 
3. 
4 .  
5, 
Frequency usage 
LM to EMU link 
EMU to LM link 
EVA to EMU link 
1.0 MHz - 2 MHz 
1,O MHz - 2 MHz 
300.0 MHz 
Bandwidth 3.0 kHz 
Minimum SNR at receiver input terminals 
LM +14.0 dB 
EMU +14,0 dB 
EVA +14,0 dB 
Maximum power of transmitter 
LM 
EMU 
EVA 
Antennas 
LM 
EMU 
EVA 
+13,0 dBw 
+13.0 dBw 
-3.0 dBw 
100-f oo t monopole 
100-foot monopole 
8-inch whip 
B. Justification of the Proposed System Requirements 
1. Frequency usage 
The lMHz - 2MHz frequency band was selected for in- 
vestigation because low frequency waves have a greater use- 
ful communication range, and the equipment size is reason- 
able. The 300MHz frequency for the EVA was selected because 
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t h e  equipment i s  s m a l l  and i s  a l ready  i n  ex i s t ence ,  These 
frequencies  r ep resen t  extremes and allow one e a s i l y  t o  de- 
termine the  e f f e c t i v e n e s s  of any frequency band between lMHz 
and 300MEIz by examining the  graphs presented i n  t h i s  chap- 
t e r  
2. Bandwidth 
The bandwidth was chosen a t  3kHz t o  accommodate only 
voice communications using narrow band F M  techniques,  
3, Minimum SNR a t  r e c e i v e r  i n p u t  te rmina ls  
Minimum SNR requirements are NASA's  e x i s t i n g  equip- 
ment l i m i t a t i o n  f i g u r e s  f o r  n ine ty  percent  i n t e l l i g i b i l i t y .  
(Ref . ,  2 )  
4 .  Maximum power of t r a n s m i t t e r  
Power r ad ia t ed  by LM, EMU, o r  EVA i s  along l i n e s  of 
e x i s t i n g  equipment a t  NASA. 
5.  Antennas 
LM o r  EMU antennas w e r e  chosen pr imar i ly  wi th  weight 
cons ide ra t ions  i n  mind, The antennas used by t h e  EVA are 
f i x e d  by e x i s t i n g  equipment a t  NASA f o r  300MEIz use,  
C. Design Equations 
L i s t ed  below a r e  t h e  equat ions f o r  t h e  eva lua t ion  of 
su r face  wave a t t e n u a t i o n ,  Thei r  d e r i v a t i o n  i s  omit ted,  b u t  
a r e fe rence  i s  given f o r  each of them i n  the  fol lowing brac- 
k e t .  
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L 
P 
Fig. 5-2 System under study 
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It is necessary to obtain the reference indicated for 
graphical evaluation of the surface wave attenuation. 
1. Sommerfeld surface wave attenuation function 
(Ref. 8) L5-11 
sin + 
p Jl-p2Cos2+ 
jf3Rsy2 (1-p2Cos2+) 
2 W =  S 
1-12 = 1 
+ jX 
x =-I (5 (1.79231) (lo1 5, 'emu 
W E  F s r  
00 -V2 
erfc (-j 2 e dv 
= m/ 
2, Ground wave attenuation factor (Ref. 8) 
$ = o  
+=0 A = 1 1  + j JiiT;i- el's erfc ( - j  1 S 
p = numerical distance 
b = phase constant 
P = -  =RS Cos b 
xO 
3. (Ref. 8) 
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[5-31 
( 1 e 79 2 3 1) . ( 10 
F 
) aemu x =  
F = frequency in MHz 
a = conductivity, electromagnetic units 
4. (Ref. 8) 
E -1 r Tan(b') = 7
b' = Tan-'( (Er-1)/(X)) 
'r = relative dielectric constant 
5, (Ref. 8) 
E 
X 
r Tan(b") = - 
b" = Tan"( (E~)/(X)) 
E = relative dielectric constant r 
6. (Ref. 8) 
(p=l) = (0.05;2922) (Xo-&sb:j 
F = frequency in MHz 
d(p=l) = numerical distance at p=l 
8, (Ref. 8 )  
l5-41 
[5-51 
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1/2 
.= pe:(3yi] Cos2 Cos b" b' 1' 
F = frequency in MHz 
k = effective radius 
a = radius of planet 
9. (Ref. 8) [5-91 
= (k2a2Xo) -1/3 
= (1.0482) (F) 1/3  
F = frequency in MHz 
k = effective radius 
a = radius of planet 
A, = wavelength, meters 
10. (Ref. 8) [ 5-10] 
E (n'=2) = 2EoQ0Ys 
2Eo = 0.10 volts/meter 
- 1/3 n o  = 
a = radius of lunar surface, meters 
A. = wavelength, meters 
= evaluated from graphs (Ref. 8) YS 
(ng=2) = voltage per meter at distance n'=2 E 
11. (Ref. 8) [5-111 
8,  = evaluated from graphs (Ref. 8) 
-1/3 n o  = (a2Xo) 
a = radius of lunar surface,,*meters 
X o  = wavelength, meters 
12. Effective noise temperature (Ref. 1) 
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[5-121 
13. 
Nt(watts) = KTB 
T = equivalent noise temperature, 'Kelvin 
K = Boltzmann's constant, Joules/OKelvin 
B = receiver bandwidth, Hz 
Nt = noise power, watts 
Noise power density (Ref. 3) 
npd = KT 
npd = 1.38 X X T 
NPD = -228.6 + lOLogaoT 
K = Boltzmann's constant, Joules/OKelvin 
T = 'Kelvin 
npd = noise power density, watts/Hz 
NPD = noise power density, dBw/Hz 
[5-13] 
Fig. 5-3 was constructed to show surface wave attenu- 
ation as a function of distance along the lunar terrain. 
The lunar model assumed is that of a smooth, homogeneous 
speroid of radius ro = 1738 km, 
rain have been neglected in this study, although it is rec- 
ognized that rough terrain will have a definite effect upon 
the attenuation function. 
The effect's of rough ter- 
The following is a statement of curve parameters for 
Fig. 5-3. 
Curve 1. 
Frequency = 1.0 MHz 
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Fig (5-3) Lunar Attenuation versus Distance (kilometers) 
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0 = 1 X m h o s / m  
E = 2 . 4  r 
Curve 2 .  
Frequency = 2.0 MHz 
0 = 1 X 10-3mhos/m 
E = 2 . 4  r 
Curve 3 .  
Frequency = 1 MHz 
0 = 1 X m h o s / m  
6 = 2 . 4  r 
Curve 4 .  
Frequency = 300.0  MHz 
0 = 1 X m h o s / m  
r E = 2 . 4  
D, C a l c u l a t i o n s  
P a r t  I - LM t o  EMU 
A l l  of t h e  following ca l cu la t ions  assume an antenna 
noise  temperature of 1 X 10' OK, and i n f i n i t e  SNR a t  LM, 
LM t r a n s m i t t e r  frequency (MHz)  + l o o  MHz 
T e r r a i n  conduct ivi ty  (mhos /m)  9 1 . 0  X l o m 3  m h o s / m  
LM t r a n s m i t t e r  power (dBw) 9 2 0 . 0  dBw 
LM bandwidth (kHz)  93 0 kHz 
LM antenna ga in  (dB) 9 0 . 0  d B  
P a t h  loss (LP)  I o = ~ O " " ~  I 450km (dB)  - 1 2 0  a 0 d B  
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EMU antenna ga in  +O,O dB 
EMU t o t a l  received power (dBw) -100.0  dBw 
EMU antenna noise  temperature 
( O K )  (Ref. 1) +1.0 x 10' OK 
EMU NPD (dBw/Hz) -158.6 dBw/HZ 
EMU bandwidth (dB) --I-35.0 dB 
EMU receiver noise power (dBw) - 1 2 3 , 6  dBw 
EMU carr ier  p rede tec t ion  SNR (dB) 4-23.6 dB 
P a r t  I1 - LM t o  EMU 
All of t h e  following c a l c u l a t i o n s  assume an antenna 
noise  temperature of 1 X 10' O K ,  and i n f i n i t e  SNR a t  LM, 
LM t r a n s m i t t e r  frequency (MHz) +1.0 MHz 
T e r r a i n  conduct iv i ty  (mhos/m) +1.0 X l o m 3  mhos/m 
LM t r a n s m i t t e r  power (dB) +20,0 dB 
LM bandwidth (kHz) +3,0 kHz 
LM antenna ga in  (dB) +O.O dB 
Path loss (Lp) ,~=10-~ ,450krn  (dB) -120.0 dB 
EMU antenna ga in  (dB) +O,O dB 
EMU t o t a l  received power (dBw) -100,O dBw 
EMU antenna noise  temperature 
(OK) (Ref. 1) +loo X 10' O K  
EMU NPD (dBw/Hz) -148 ,6  dBw/HZ 
EMU bandwidth (dB) +35.0 dB 
EMU receiver noise power (dBw) -113-6 dBw 
EMU carrier p rede tec t ion  SNR (dB) +13.0 dB 
4 1  
P a r t  I11 - EVA t o  EMU 
All of t h e  following c a l c u l a t i o n s  assume an i n f i -  
n i t e  SNR a t  EVA. 
EVA t r a n s m i t t e r  frequency (MHz)  
Te r ra in  conduct iv i ty  (mhos/m) 
EVA t r a n s m i t t e r  power (dB9 
EVA bandwidth (kHz) 
EVA antenna g a i n  (dB) 
Path loss (Lp) !o= lom3 ,54km (dB) 
(Fig.  5-3) 
EMU antenna ga in  (dB9 
EMU t o t a l  received power (dBw) 
EMU antenna noise  temperature 
(OK) (Ref. 1) 
EMU NPD (dBw/Hz) 
EMU bandwidth (dB) 
EMU r e c e i v e r  no i se  power (dBw9 
9300 .0  MHz 
91.0 X mhos/m 
-3.0 dB 
+3 0 kHz 
90.0 dB 
-150,O dB 
90.0 dB 
-153.0 dBw 
9494,O OK 
-201 .7  dBw/Hz 
935,O dB 
-166,7 dBw 
EMU c a r r i e r  p rede tec t ion  SNR (dB) 913.7 dB 
From t h e  c a l c u l a t i o n s  presented i n  t h i s  chapter  it 
is  seen t h a t  r e l i a b l e  communication by su r face  wave can be 
expected from t h e  proposed system a s  long a s  s t a t e d  ranges 
are n o t  exceeded, Fur ther  eva lua t ion  of t h i s  technique 
is included i n  t h e  l a s t  chapter .  
CHAPTER V I  
COMMUNICATION BY SUBSURFACE WAVES 
I n  t h i s  chapter  the use  of subsur face  waves f o r  
communications w i l l  be eva lua ted .  T h e  propagat ion medium 
i s  considered t o  be  i n f i n i t e  i n  e x t e n t ,  homogeneous and 
i s o t r o p i c ,  and cha rac t e r i zed  by t h e  e lectr ical  cons tan ts  
11, E ,  and 0, which are assumed independent of frequency, 
T h i s  s tudy shows t h a t  on ly  narrow band modulation tech- 
niques such as on-off keying, P M  o r  FSK a t  low b i t  ra tes  
are f e a s i b l e .  
The use of subsur face  antennas i s  t h e  proposed 
method of wave genera t ion .  The author  r ea l i ze s  t h a t  t h e  
r e s u l t s  shown i n  t h i s  chapter  w i l l  n o t  be  exac t  due t o  t h e  
v a r i a t i o n  of propagat ion medium electr ical  cons t an t s ,  and 
s l i p s  t h a t  e x i s t  i n  l u n a r  su r face  bed rock ,  
Tabulated r e s u l t s  i n  t h i s  chapter  w i l l  be made 
assuming a r e c e i v e r  s e n s i t i v i t y  f i g u r e  of 1,0 x v o l t s  
f o r  20 .0  d B  S N R  o u t  of t h e  r e c e i v e r ,  T h i s  method of com-  
munication i s  inc luded  f o r  completeness d e s p i t e  i t s  appar- 
e n t  l i m i t a t i o n s  i n  p r a c t i c a l  a p p l i c a t i o n s ,  
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A. Proposed System Requirements 
1. Frequency usage 
EMU t o  LM 
LM t o  EMU 
2, Bandwidth 
0 .5  kHz - 10.0 kHz 
0.5 kHz - 1 0 . 0  kHz 
Narrow 
3 .  Maximum power of t r a n s m i t t e r  
EMU +13.0 dBw 
LM +13.0 dBw 
B. J u s t i f i c a t i o n  of  t h e  Proposed System Requirements 
1. Frequency usage 
The frequency range of 0.5kHz - 10.0kHz w a s  chosen 
t o  g ive  t y p i c a l  pa th  loss f i g u r e s  f o r  s e v e r a l  f r equenc ie s ,  
2.  Bandwidth 
Very narrow because of t h e  necessary low ope ra t ing  
frequency. 
3. Maximum power of t r a n s m i t t e r  
The m a x i m u m  power of t h e  t r a n s m i t t e r  w a s  set wi th  h 
weight l i m i t a t i o n s  i n  mind. 
C. Design Equations 
L i s t e d  below are the equat ions  f o r  t h e  eva lua t ion  
of subsurface wave a t t e n u a t i o n .  Thei r  d e r i v a t i o n  i s  
omit ted,  b u t  a r e fe rence  i s  given f o r  each of t h e m  i n  the 
fol lowing b racke t  and a d d i t i o n a l  information i s  contained 
i n  Appendix B. 
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Noise assumed equal to zero 
LM 
P------"- 
I 
Fig.6-1 System under study 
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1. Loss tangent P (Ref, 9) [6-11 
The loss tangent P is a dimensionless ratio of the 
conduction to the dispAacement currents. 
CT = conductivity, mhos/m 
F = frequency, MHz 
= relative dielectric constant 'r 
A ,  =r wavelength in meters 
w = radian frequency, radian/second 
2 .  1L (path loss) (Ref. 9) P 
P L = LsAx 
C6-21 
Ls = spreading loss = (411Rd/A) 
Ax = exponential damping loss = e2axRd 
= (Fo) '12/(15.92) ,negers/meter 
Rd = distance between communicators, meters 
A = (100)/(~o)~/~,meters 
L = path lossl nepers/meter P 
3 .  L (dB) (path loss) (Ref. 9) [6-31 P 
P 
P 
L = Ls(dB) + Ax(dB) 
L = -18.02 + 20LogloRd (meters) + 10Logl (Fkb) 
+878 e 3 (Fko) 'I2Rd (miles) 
Fk = frequency, kHz 
CT = conductivity, mhos/meter 
L = path loss ,  dB P 
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De Calcula t ions  
P a r t  I - EVA t o  LM 
A l l  of t h e  following c a l c u l a t i o n s  assume no no i se  
below t h e  su r face  of t h e  Moon. 
EVA t ransmi t ted  power (dBw) 
Te r ra in  conduct iv i ty  (mhos/m) 
Transmitted frequency (Hz) 
Path loss (L  ) , a t  F = 500.0 Hz, 
13 m i l e s  (dB) 
LM received power (dB) 
LM received v o l t s  (v)  
LM SNR o u t  of receiver (dB) 
+O.O dBw 
1 x mhos/m 
500,O Hz 
-120.0 dB 
-120.0  dB 
4 - 1  x l o m 6  V o l t s  
+20,0 d B  
The opera t ing  range of t h i s  system! with zero noise ,  
i s  l i m i t e d  only by t h e  c a p a b i l i t y  of t h e  equipment used, 
I n  a p r a c t i c a l  app l i ca t ion ,  with noise  p re sen t ,  t h e  use  of 
f i l t e r s  would extend the  ope ra t ing  tange considerably,  
F ig ,  6-2 shows t h e  pa th  a t t e n u a t i o n  expected from a homo- 
geneous Ear th  
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CHAPTER VI1 
RESULTS AND CONCLUSIONS 
Five communication techniques applicable to lunar 
conditions have been evaluated. The major characteristics 
of these techniques are summarized in Table I. Table I1 
lists the relative advantages and disadvantages of each 
technique. 
The author has made no attempt to select the best 
possible technique because there is no one clear-cut best 
solution. The solution will depend upon the requirements 
of each individual mission. 
For example, missions requiring only voice communi- 
cations between a lunar landing module and a lunar roving 
vehicle, with a maximum distance of 30 miles from base, a 
surface wave system might be selected. 
For missions greater than 280 miles on the visible 
side of the Moon, lunar satellites or Earth relay could be 
used. The use of lunar satellites would also add the cap- 
ability of continuous communication with the CSM, For each 
mission there might be several techniques applicable or com- 
binations of techniques, In each case the mission will 
determine which of the five techniques could be used best, 
48 
49 
TABLE I 
PERFORMANCE CHARACTERISTICS 
BANDWIDTH 
POWER 
RANGE REQUIREMENTS 
COMSAT Wideband N o t  l i m i t e d  i f  cov- +20dBw 
erage i s  planned, 
a d d i t i o n a l  coverage 
of CSM during black- 
o u t  t i m e ,  
Ea r th  Relay Wideband Limited only t o  +20 dBw 
v i s i b l e  s i d e  of 
Moon, 
Lunar Trans- N a r r o w  Only l i m i t e d  by 1 w a t t  or 
mission l i n e s  weight of w i r e  less 
c a r r i e d .  
Surf ace 
Waves 
Narrow Limited by elec- 
t r i c a l  cons t an t s  
of t h e  su r face  
over which t h e  
propagation occurs., 
920dBw 
Subsurf ace Extremely Limited by t e r r a i n  4-13 dBw 
Waves Narrow electr ical  con- 
s t a n t s  along with 
geologica l  obstruc-  
t i ons  
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TABLE I1 
ADVANTAGES AND DISADVANTAGES 
ADVANTAGES DISADVANTAGES 
COMSAT 
Earth Relay 
Lunar Trans- 
mission Lines 
Surface Waves 
Subsurface 
Waves 
Provides complete con- 
tinuous coverage of 
landing party, commu- 
nications with CSM at 
all times, and a wide 
bandwidth. 
Antenna tracking capa- 
bility is not re- 
quired, existing 
equipment can be 
used, complete cov- 
erage of the visible 
side of the Moon is 
possible and wideband 
communications. 
Not limited at all by 
line-of-sight, and can 
be left for permanent 
experiment links, 
The development costs 
are small. 
Reliable communica- 
tions regardless 
of lunar surface 
conditions 
The high cost of de- 
velopment, requires 
active device in lu- 
nar orbit, lunar sur- 
face antennas must 
have satellite track- 
ing and acquisition 
capability, and many 
are required for com- 
plete coverage. 
Significant delay 
time, no coverage of 
non-visible side of 
the Moon, and ties up 
MSFN equipment, limits 
usefulness 
The large weight of 
wire required for 
medium distances may 
be prohibitive. 
Narrow bandwidth, 
large inefficient 
antennas, and high 
power for long 
(greater than 500 
miles) range appli- 
cations limit capa- 
bilities e 
Installation prob- 
lems, high power, 
and limited to 
short range. 
APPENDIX A 
EFFECTS OF TRANSMITTED NOISE ON RECEIVER SNR's 
The purpose of this appendix is to present a method 
for calculating receiver signal-to-noise ratios (SNR's) €or 
channels over which noise, in addition to signal, is trans- 
mitted. In most well-designed systems, the transmitted 
noise is insignificant (transmit SNR > 30 dB) and only 
thermal noise is considered at the receiver. This, how- 
ever, is not always the case, as is shown by considering 
the relay communication system discussed in this report, 
Since the signal-to-noise ratio received at the relay point 
is low (<20 dB) a significant amount of noise is transmitted 
from the relay to the end point. The type of transmission 
considered here is that of a peak-power-limited channel in 
which signal power is decreased as noise power is added, re- 
sulting in a constant total transmitted power. 
Total transmitted and received powers may be ex- 
pressed as 
= Sx + Nx = constant Pxt 
Prt = Sr + Nr 
Defining SNR as the apparent signal-to-noise 
r-app 
ratio at the receiver calculated using Prt (assuming an 
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i n f i n i t e  t ransmi t ted  SNR) 
- 'r + Nr, when noise  i s  
t ransmi t ted .  N t h  
The a c t u a l  s ignal- to-noise  r a t i o  a t  t h e  r e c e i v e r  
may be expressed as 
but  
and 
- 'r - 
SNRr-act N~ + N~~ 
- 1 
Nr -+ N t h  -
'r 'r 
Nr + 
1 - 
- Nr + N t h  1 +  1 
'r '1: + Nr 
N t h  1 = - =  N t h  
SNR 
'r + Nr 'rt r-app 
Nr 1 NX 
'r SNRx sX 
- = - = -  
t h e r e f o r e ,  
- 1 
SNRr- ac  t - 1  1 SNRx + 1 
r-app 7 SNRx +r
[A-51 
[A- 6 1 
[A-81 
[A-9 1 
[A-101 
[A-ll] 
1 
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[A-12] 
[A-131 
APPENDIX B 
I n  gene ra l ,  and assuming t h a t  a11 t i m e  v a r i a t i o n s  
are as ,jut, Maxwell's equat ions and t h e  wave equat ions are 
0.8 = 0 
- 
V * H  = o 
v2B = - w 2  P &  E IB-11 
v2B = -u2 P C  B 
From equat ion B-1,  assuming Ex t o  vary only w i t h  z ,  
w e  f i n d  
w i t h  
d 2 E x  - -U 2 PE Ex rF- 
A s o l u t i o n  i n  the  form 
-jut E e - Y z  e 
P 
E = peak va lue  
P 
w i t h  
[B- 3 1 y 2  = -w  P &  i s  used. 
The e f f e c t  of inc luding  t h e  conduct iv i ty  a is t h a t  
2 
t h e  f a c t o r  j u e  has now become (3 + jut. 
c a l c u l a t e  t h e  new propagation cons tan t .  
W e  may t h e r e f o r e  
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y = j w G  
The p o s i t i v e  s i g n  w a s  r e t a i n e d  t o  allow p o s i t i v e  
numerical  values  f o r  a and 6, and hence corresponds t o  
propagation i n  t h e  +z d i r e c t i o n .  W e  f u r t h e r  d e f i n e  
k E j y  
and cont inue with 1B-41 t o  g e t  
B -  j a = - w G - ,  
and 
a = w G  G(p) neperslmeter 
G(p) and F(p)  are given by 
6B-51 
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